Interactions between dietary protein and energy balance on the regulation of human skeletal muscle protein turnover are not well described. A dietary protein intake above the recommended dietary allowance during energy balance typically enhances nitrogen retention and up-regulates muscle protein synthesis, which in turn may promote positive protein balance and skeletal muscle accretion. Recent studies show that during energy deficit, muscle protein synthesis is down-regulated with concomitant increases in ubiquitin proteasome-mediated muscle proteolysis and nitrogen excretion, reflecting the loss of skeletal muscle mass. However, consuming high-protein diets (1.6-2.4 g/kg per day), or high-quality, protein-based meals (15-30 g whey) during energy deficit attenuates intracellular proteolysis, restores muscle protein synthesis, and mitigates skeletal muscle loss. These findings are particularly important for physically active, normal-weight individuals because attenuating the extent to which skeletal muscle mass is lost during energy deficit could prevent decrements in performance, reduce injury risk, and facilitate recovery. This article reviews the relationship between energy status, protein intake, and muscle protein turnover, and explores future research directives designed to protect skeletal muscle mass in physically active, normal-weight adults.-Pasiakos, S. M., Margolis, L. M., and Orr, J. S. Optimized dietary strategies to protect skeletal muscle mass during periods of unavoidable energy deficit. FASEB J. 29, 1136-1142 (2015). www.fasebj.org Key Words: leucine • military • mTORC1 • lean body mass DIETARY ENERGY AND PROTEIN intake are nutritional determinants of skeletal muscle mass. Maintenance of skeletal muscle mass is generally achieved by consuming sufficient energy to meet energy demand and protein at levels consistent with the U.S. recommended dietary allowance (RDA; 0.8 g/kg per day) (1). However, during periods of increased energy demand, protein requirements to sustain protein retention and the maintenance of skeletal muscle mass are increased above the RDA. It is currently recommended that physically active individuals (e.g., aerobic and resistance exercise type athletes) consume 1.2 to 1.7 g protein/kg per day (2-4). Likewise, it is recommended that military personnel undergoing metabolically challenging training and combat operations consume a diet providing 1.5 to 2.0 g/kg per day of protein to facilitate the repair of damaged proteins, synthesis of new muscle proteins, and maintenance of muscle mass (5). Therefore, it is not surprising that high-protein diets have increased in popularity among physically active, normal-weight adults (3).
DIETARY ENERGY AND PROTEIN intake are nutritional determinants of skeletal muscle mass. Maintenance of skeletal muscle mass is generally achieved by consuming sufficient energy to meet energy demand and protein at levels consistent with the U.S. recommended dietary allowance (RDA; 0.8 g/kg per day) (1). However, during periods of increased energy demand, protein requirements to sustain protein retention and the maintenance of skeletal muscle mass are increased above the RDA. It is currently recommended that physically active individuals (e.g., aerobic and resistance exercise type athletes) consume 1.2 to 1.7 g protein/kg per day (2-4). Likewise, it is recommended that military personnel undergoing metabolically challenging training and combat operations consume a diet providing 1.5 to 2.0 g/kg per day of protein to facilitate the repair of damaged proteins, synthesis of new muscle proteins, and maintenance of muscle mass (5). Therefore, it is not surprising that high-protein diets have increased in popularity among physically active, normal-weight adults (3).
In general, overweight and obese individuals adhering to a sustained, moderate energy-deficient diet lose fat and lean body mass (LBM), which approximates 75% fat mass and 25% LBM (6). However, decrements in LBM can be more severe in normal-weight individuals, such as athletes and military personnel, who often undergo unavoidable energy deficits of greater severity (7). The loss of LBM in active populations can lead to degraded performance and increased injury risk (8, 9). Fortunately, protein intake above the RDA is skeletal muscle protective, as studies have consistently shown that consuming protein at twice the RDA spares LBM and that this metabolic advantage is independent of body size (6, 7, 10-12).
Although the independent effects of dietary energy and protein intake on body composition have been studied extensively, and potential energetic, endocrine, and the behavioral mechanisms to account for body composition adaptations to energy and protein manipulations have been explored (13-16), the interaction between energy status and protein intake on skeletal muscle protein turnover and associated regulatory systems remains largely unexplored (7, (17) (18) (19) (20) (21) (22) . Given that muscle protein turnover, especially muscle protein synthesis (MPS), is a primary regulator of skeletal muscle mass (23) and that the stimulatory effects of dietary protein on MPS are well documented (24-26), the lack of studies in this area of nutritional science is intriguing. Recent studies from our group (7, 20) and others (17) have provided consistent data demonstrating interactive effects of energy and protein on muscle protein turnover. This article highlights the molecular and nutritional regulation of skeletal muscle mass with emphasis given to recent studies establishing a mechanistic link between energy and protein intake on muscle protein turnover, and it proposes new research to Abbreviations: IGF-1, insulin-like growth factor-1; LBM, lean body mass; MPB, muscle protein breakdown; MPS, muscle protein synthesis; mTORC1, mechanistic target of rapamycin complex 1; RDA, recommended dietary allowance; UPS, ubiquitin proteasome system identify appropriate nutritional strategies to mitigate skeletal muscle loss during energy deficit.
Molecular regulation of human skeletal muscle protein turnover
Skeletal muscle protein turnover is a dynamic process that encompasses the synthesis of new proteins and breakdown of existing proteins. The rate of muscle protein turnover is dependent on amino acid availability and endogenous protein breakdown (26, 27). Cycling of amino acids between MPS and muscle protein breakdown (MPB) is critical for growth, maintenance, and repair of body tissues, which facilitate adaptation and recovery from physical stressors (25). Dysregulation of muscle protein turnover can contribute to the progression of LBM loss (28-30).
Skeletal muscle protein turnover is regulated by intracellular anabolic (23) and proteolytic systems (31). Cellular regulation of MPS is mediated by the mechanistic target of rapamycin complex 1 (mTORC1) (32, 33). Energy status and protein intake modulate mTORC1 signaling, mRNA translation, and ultimately MPS (32, 33). Specifically, energy deprivation up-regulates AMPactivated protein kinase, thereby diminishing mTORC1 signaling and MPS (34). However, consuming protein either alone or in a mixed-macronutrient meal promotes a robust increase in MPS (35, 36). The anabolic response to protein ingestion occurs as a result of postprandial increases in extracellular amino acid availability (26, 37), insulin secretion (38), and muscle intracellular amino acid transporter expression (39). This sequence leads to increased muscle intracellular amino acid levels, which in turn stimulates mTORC1 and downstream activation of p70 S6 kinase and inactivation of the repressor of mRNA translation, eukaryotic initiation factor 4E-binding protein (40-44). Dietary protein sources that contain high levels of the branched-chain amino acid leucine are particularly effective at increasing MPS. The effectiveness of leucine seems to stem from interactions with the Rag subfamily of Rag small GTPases and subsequent lysosomal translocation of mTORC1 (43, 44) .
MPB provides amino acid precursors to sustain MPS and support hepatic gluconeogenesis (45-47). Four proteolytic systems contribute to MPB, including the ubiquitin proteasome system (UPS), autophagy-lysosomal, calciumdependent calpains, and the cysteine protease caspase enzymes (48, 49). The UPS is the primary mechanism by which skeletal muscle is degraded (31, 50). The UPS is a highly regulated, irreversible process that involves energy-dependent ubiquitylation of muscle proteins through a discrete series of reactions catalyzed by 3 distinct enzyme complexes. This process begins with calpain and caspase 3-dependent myofibril cleavage, resulting in smaller, more accessible actomyosin fragments (51, 52) . These fragments are then marked for degradation by covalent binding of multiple ubiquitin molecules catalyzed by the enzymes E1 (ATP-dependent ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin-ligating enzymes). The polyubiquitin chain is recognized by the 26S proteasome, a large multisubunit proteolytic complex consisting of a central catalytic core (20S proteasome) and 2 terminal regulator complexes (19S complexes). The 19S regulator complex plays a central role in the recognition and unfolding of the ubiquitylated proteins and guides them to the 20S catalytic core for subsequent protein hydrolysis. Activity and expression of the UPS is up-regulated under conditions of metabolic stress and is thought to be regulated in part through the insulin-mediated mTORC1 intracellular signaling pathway (53) .
Nutritional regulation of human skeletal muscle protein turnover
The quantity of dietary protein consumed dictates the activation of MPS. There is a dose-dependent relationship between dietary protein and MPS, and consuming a 20 to 25 g serving (or 0.25 to 0.30 g protein/kg meal or 2.5 g leucine) of high-quality protein maximally stimulates postprandial MPS for approximately 2 hours (54, 55) . When higher doses of protein or leucine are consumed, there is an accompanying increase in protein oxidation with no additional anabolic stimulus (56, 57) . The mechanisms limiting MPS stimulation remain unclear, but may include reduced amino acid uptake due to negative feedback regulation of amino acid transporter expression (35, 39).
Enriching smaller doses of high-quality protein and essential amino acids with leucine-or, in the case of older adults, consuming more total protein-potentiates postprandial mTORC1 signaling and MPS during conditions of metabolic stress (58), age-related anabolic resistance (59) (60) (61) , and during recovery from endurance and resistive-type exercise (62) (63) (64) (65) . Metabolic stressors, such as energy restriction, may circumvent factors limiting MPS during energy balance. Findings from Areta et al. (17) provide support for this hypothesis, as increasing total protein (15 to 30 g whey protein) intake after exercise resulted in a progressive increase in postprandial MPS during energy deficit. Recent evidence also suggests that distribution of daily protein intake can modulate MPS (66) . Specifically, distributing protein equally across meals, rather than the more traditional, skewed intake of daily protein, extends postprandial MPS (67) , which may contribute to long-term regulation of skeletal muscle mass by limiting the duration to which skeletal muscle is in a net catabolic state (68) . Although these studies provide valuable insight regarding the quantity and distribution of protein intake on MPS, it is important to reemphasize the importance of protein quality, as lower-quality proteins (i.e., those lower in leucine) may not be as effective in potentiating MPS under such conditions (69) .
Kinetic and intracellular assessments of MPB have produced inconsistent, limited data (31). The lack of reproducible data in this area is likely due to methodological limitations (70) and the relative small contribution of MPB to the regulation of skeletal muscle mass in healthy individuals (31). Some studies have shown that protein consumption and the secondary hyperinsulinemia attenuate postresistance exercise MPB (71) (72) (73) . However, others have shown that provision of exogenous amino acids can up-regulate MPB (74) or may have minimal-to-no impact on MPB, at least when consumed at rest or before or after exercise (57, (75) (76) (77) (78) . We demonstrated increased postabsorptive MPB and UPS-related gene expression after short-term (10 days) and prolonged (21 days) energy deficit (18, 19). However, consumption of a proteincontaining, mixed-meal attenuated 26S proteolytic activity during energy deficit (18). A better understanding of the intracellular regulatory mechanisms of MPB will be necessary to fully understand the complex pathways modulating skeletal muscle mass in populations susceptible to severe muscle loss resulting from nutritional deprivation.
RECENT RESULTS
High-protein diets attenuate decrements in muscle protein synthesis and protect skeletal muscle mass during energy deficit
The extent to which energy deficit modulates protein turnover and LBM is largely due to the degree and duration to which energy intake is deficient. At the whole-body level, acute energy deficiency results in an increase in proteolysis, amino acid oxidation, and nitrogen excretion, which becomes less pronounced and plateaus over time (79) (80) (81) (82) (83) . This adaptive mechanism to spare protein during prolonged energy deficit was demonstrated by Ancel Keys nearly 70 years ago (84) (85) (86) . Despite dramatic advances in analytical capabilities, there have been few studies that have examined actual skeletal muscle adaptation to energy deficit (7, 17, 20-22).
Our laboratory has conducted a number of studies where dietary protein was manipulated to better understand the control of muscle protein turnover during energy deficit (7, 18-20). In normal-weight, physically active adults, we demonstrated that short-term (10 days), moderate energy deficit (500 kcal per day) attenuates postabsorptive MPS by 19% with concomitant reductions in mTORC1 signaling (20). Postabsorptive MPB and intracellular markers of muscle proteolysis were also increased in response to short-term energy deficit (19). Although these findings have not been confirmed, increased muscle proteolysis during short-term energy deficit is consistent with studies demonstrating up-regulated whole-body proteolysis in the early stages of energy deficit (80) . The observed decrements in MPS were recently confirmed by Areta et al. (17), who reported a 27% reduction in postabsorptive MPS in a similar population of physically active, normal-weight adults in response to a 5 day moderate energy deficit.
We also observed that when total daily protein intake is consistent with the RDA, sustained energy deficit over 21 days blunts postprandial MPS responses to an optimal serving of high-quality protein (20 g milk protein) (7). In contrast, a diet providing 2 and 3 times the RDA for protein spared postprandial MPS responses to the same 20 g serving of protein with simultaneous reductions in UPSmediated muscle proteolysis (7, 18). Individuals consuming protein at levels 2 and 3 times the RDA also lost 43% less LBM than those consuming RDA levels under identical experimental conditions (7, 18). Areta et al. (17) also demonstrated that consuming high-quality, protein-based meals (15 to 30 g whey) in combination with resistance exercise restored MPS above levels observed during energy balance and did so in a dose-dependent manner. These data emphasize the link among protein turnover, total dietary protein intake, and protein consumed at each meal on the regulation of skeletal muscle mass during energy deficit. Interestingly, a diet providing 3 times the RDA rather than twice the RDA offered no further advantages during moderate energy deficit (1000 kcal per day), as protein oxidation was increased (83) , with no additional protection of LBM (7). That said, we suspect that higher levels of dietary protein (more than twice RDA) may be advantageous in some situations, as we recently showed. Soldiers consuming 1.7 g protein/kg per day failed to retain whole-body protein during metabolically challenging, short-term military training that produced extreme energy deficits (;3400 kcal per day) (87) .
FUTURE DIRECTIONS AND CONCLUSION
Our laboratory is currently answering the practical question-would the addition of protein-containing snacks to daily protein intake accelerate recovery of LBM after unavoidable energy deficit? A driver for this work is the unique occupational situations of our target population, who have goals and requirements distinct from the general public. Our nutritional questions are, to an extent, similar to athletic populations, and although overlap exists, military personnel are not competitive athletes who train and compete under optimal conditions. Rather, they operate in austere environments and in situations where the ability to eat ebbs and flows. Moreover, they have to deal with stressors common to combat operations (e.g., energy deficit, sleep deprivation, and sustained load carriage). Studies on students participating in military training courses and sustained operations exercises lasting 3.5 to 64 days have reported weight losses ranging from 3 to 16% of initial body mass (88) (89) (90) (91) (92) (93) (94) (95) (96) (97) . More importantly, LBM accounted for, on average, over 50% of the total mass lost, which highlights the disparity between military personnel and their civilian counterparts, who experience similar reductions in total body mass with generally no appreciable decrement in LBM (98, 99) .
Despite evidence to support an increase in dietary protein intake for LBM preservation during energy deficit (6, 7, 10-12), no studies have established dietary protein requirements during simulated or real-world military operations. We recently observed that soldiers consuming 1.7 g protein/kg per day failed to retain whole-body protein during a 7 day military training exercise (87) . Therefore, it is clear that recommendations for 1.2 to 1.7 g protein/kg per day (and perhaps up to 2.0 g protein/kg per day) may be population specific, and there is likely no amount of protein that will completely offset the catabolic state induced by military operational stress and severe energy deficits (100). Thus, the primary goal operational feeding should be to minimize energy deficits and provide adequate levels of protein to spare LBM (5, 7). Identifying the point at which further manipulations in the quantity, type, and pattern of protein intake begins to augment rates of protein oxidation with no discernible impact on protein retention and LBM will be critical for defining how to most effectively use protein in combat rations.
The dramatic reductions in anabolic hormones, such as testosterone and insulin-like growth factor-1 (IGF-1), that occur during severe energy deficit could diminish the magnitude by which manipulating protein intake spares LBM. However, the contribution of testosterone and IGF-1 in the control of MPS and regulation of LBM remain unclear. In healthy young men, the suppression of endogenous testosterone production has myriad adverse physiologic consequences, including decreased LBM, increased adiposity, and decreased muscle strength (101-104). Finkelstein et al. (102) recently demonstrated that decreases in testosterone levels from 530 to 350 ng/dl result in increased adiposity, and further reductions to #200 ng/dl are accompanied by skeletal muscle atrophy and decreased muscle strength. Importantly, numerous studies report that testosterone decreases this magnitude during military training and sustained operations and is associated with concomitant decreases in LBM (90, (105) (106) (107) (108) . IGF-1 concentrations are sensitive to perturbations in energy balance as well. During various military training courses and studies designed to simulate operational stress, significant decrements in IGF-1 concentrations occur, and there is accompanying loss of LBM (89, 90, 106, 108, 109) . Although dietary manipulations have to date proven to be unsuccessful at mitigating the endocrine response to negative energy balance (101, 124-126), pharmacologic interventions that restore anabolic hormone concentrations have been shown to promote nitrogen retention despite energy deficit (110) (111) (112) . Further research is required to determine whether interventions, such as testosterone replacement, can attenuate decrements in LBM during military operational stress. Additionally, future studies are needed to investigate the interaction between endocrine status and the LBM-sparing effect of increased dietary protein intake.
Relatively little is known about individual responsiveness to dietary protein manipulations and the impact of underfeeding. An important first step will be identifying factors underlying the large interindividual variability with respect to the magnitude of LBM change during energy deficit. Such variability is exemplified by the wide range of changes observed in soldiers during U.S. Army Ranger school, where weight loss ranged from 9 to 23% (6.5 to 20.6 kg) of initial body mass, with a LBM loss of 0.3 to 13.8 kg (113) . Interestingly, baseline adiposity accounted for 86% of the variance in fat loss but only 20% of the change in LBM. Studies conducted using monozygotic twins indicate that testosterone may assist with preservation of LBM during energy deficit and lessen adipose tissue accrual during energy surplus (13, 114). More recently, advanced genomic and transcriptomic analyses have been used to elucidate the genetic and molecular basis for individual skeletal muscle responses to resistance and endurance exercise training (115) (116) (117) (118) (119) . Surprisingly, transcriptional patterns consistent with suppressed mTORC1 activity were observed in individuals displaying the greatest hypertrophic response to resistance training (117) . The application of these techniques holds promise for furthering our understanding of the interindividual variability in skeletal muscle responses to operational stress.
Although recent studies provide a mechanistic link between dietary protein, skeletal muscle protein turnover, and the regulation of muscle mass during energy deficit, there are several important questions that remain unanswered. Is there a dose-dependent relationship between the amount of protein consumed and the severity of the energy deficit imposed? Does MPS become saturated at the same level of protein during energy deficit as energy balance? To what extent does manipulating both the level and pattern of protein intake augment the maintenance of LBM during energy deficit and facilitate the accretion of LBM during recovery? Last, what accounts for the apparently large interindividual difference in LBM loss during energy deficit, and how does this impact dietary recommendations and/or protein requirements for populations susceptible to muscle loss? In addition to providing insight regarding the interactions between energy status and muscle protein turnover, future studies designed to address these questions will play an integral role in developing targeted nutritional interventions to optimize skeletal muscle mass in physically active, normal-weight adults. 
